Several kinds of studies have provided evidence that more than one step is necessary for the conversion of cells exhibiting a normal growth phenotype to cells capable of neoplastic growth. The demonstration oftumor promotion by various compounds acting subsequent to an initiating carcinogenic event is a classical illustration of this concept (1, 2) . When radiation or chemicals are used as initiating carcinogens in vitro, the appearance of transformed cell foci is dependent upon proliferation of the initiated cell population (3, 4) . Proliferation can be interpreted as allowing the accumulation of spontaneous mutations that can complement the initiating event.
The mouse cell line C3H/1OTV2 is widely used for studies of radiation and chemical carcinogenesis. We postulated that exogenous introduction ofan activated cellular oncogene into these cells might produce a system in which one of the steps required for neoplastic transformation had already occurred. In such a system the immediate effect of the initiating carcinogen might register more strongly and rapidly, thus simplifying analysis of such an effect.
We have recently shown that introduction of an exogenous myc oncogene into C3H/10T½ cells increases the sensitivity of these cells to several growth factors present in serum (5) . Other laboratories have reported related data associating myc expression with growth factor responsiveness (6, 7) . Growth factors, such as platelet-derived growth factor and epidermal growth factor, increase the efficiency of transformation of C3H/10T½ after treatment by radiation or chemical carcinogens (8, 9) . Therefore we became interested in analyzing the effect of constitutive myc expression on transformation induced by these agents.
Our results indicate that a substantial increase in the frequency of transformation can be seen when exposure to radiation or carcinogens is combined with exogenous myc gene expression in these cells. This is consistent with the original evidence that more than one oncogenic event is required to attain a fully neoplastic condition (10, 11) ; one oncogenic event is presumably supplied by the constitutive expression of myc. This potentiation of transformation may be mediated by the increased response of such cells to growth factors consequent upon myc expression (5) . Preliminary data exclude activation of a ras gene in the transformed clones we analyzed.
MATERIALS AND METHODS
Cells were grown in Eagle's minimal essential medium (MEM) containing 10 mM Hepes buffer supplemented with 10% fetal calf serum (FCS; HyClone, Logan, UT) and gentamicin at 10 pAg/ml. C3H/10T72 clone 8 cells were from the American Type Culture Collection and were used before passage 12. The myc gene was introduced into these cells by infection with a retrovirus vector carrying a gene coding for the resistance to G418 (pZipNeoSVX) (12) and containing an insert of mouse c-myc cDNA (13) . To construct this insert the coding region of the gene, in exon 2 and 3, was obtained as an Xho I fragment and then supplied with BamHI linkers and cloned into the BamHI site of pZipNeoSVX (Zip-myc virus). This vector construction was provided by K. Marcu (State University of New York, Stony Brook). Infectious virus particles were obtained by transfection of the constructs into f-2 cells (14) . C3H/10T/2 cells infected with myc virus were selected with G418 (C3H-myc cells). Virus containing the gene coding for G418 resistance alone was used to infect parallel C3H/10T½ cultures to derive an appropriate control (C3H-Zip cells). After 2 weeks of G418 selection more than 200 colonies of each cell type were pooled, amplified, and frozen. For all experiments reported here cells were used in their first passage after thawing of frozen stocks.
After cloning efficiency at given dosages of radiation was determined, cells were plated in 10-cm diameter plastic culture dishes to yield "1000 viable cells after irradiation. 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. in 2.4 M formaldehyde/50% (vol/vol) formamide and fractionated by electrophoresis in 1.2% agarose gels. The fractionated RNA was transferred to a Nytran filter and hybridized with a nick-translated c-myc DNA probe (13) . RESULTS Expression of vector sequences encoding c-myc in C3H-myc cells was verified by RNA blotting, as shown in Fig. 1 . Southern DNA blotting analysis indicated that cells contained an average of one copy of virus per cell (data not shown). C3H-myc cells are morphologically indistinguishable from control C3H-Zip cells and from the C3H/10T½2 parental cell line. C3H-myc cells are not found to be C3H-Zip tumorigenic after inoculation in nude mice. Some spontaneous foci can be observed in monolayers kept confluent for several weeks. A major phenotypic difference conferred by the exogenous myc gene on C3H/10T½ cells is the ability of C3H-myc cells to form small colonies in agar, which was highly responsive to FCS and exogenous growth factors (5) .
The effect of treatment with a radiation dose of 6 gray (Gy) is shown in Fig. 2 . Whereas irradiation of either the parental C3H/10T½ cell line or C3H-Zip cells resulted in formation of 1-2 foci per plate, an average of 18-24 foci was observed in irradiated C3H-myc cells. The foci formed upon irradiation of C3H-myc cells were also larger than those observed in control cells and started to be detectable in the second week after the cells attained confluence. Table 1 documents the frequencies of transformation after exposure to a radiation dose of 6 Gy. A slight increase in foci in C3H-Zip cells versus parental C3H/10T½ cells is observed and may be accounted for by changes in cell populations through the selection and amplification procedures used. However, the effect of the exogenous myc gene must be responsible for the 15-to 20-fold increase in neoplastic transformation observed in irradiated C3H-myc cells. In order to assess the generality of the enhanced neoplastic transformation observed in C3H-myc cells after irradiation, we investigated the effect of a commonly used chemical carcinogen, 3-methylcholanthrene (Sigma), on these cells. In response to 3-methylcholanthrene treatment we again observed a higher frequency oftransformation in cells harboring an exogenous myc gene.
When the radiation-induced foci from C3H-myc cells were examined for their ability to grow in agar and to form tumors in nude mice, they were found to resemble typical radiationtransformed C3H/1OTV2 clones: they displayed a limited capacity for growth in agar and low tumorigenicity in mice, generally forming only small nodules at the site of injection (Table 2) .
We next investigated whether transformation in C3H-myc cells exhibited a radiation dose-dependence similar to that in C3H/1OTY2 cells. We determined the transformation incidence at radiation doses from 0 to 7 Gy, maintaining a constant number of viable cells per plate after irradiation. As shown in Fig. 3 , we found that transformation was proportional to dose. Doses of 4-6 Gy, optimally effective in the original 10T½2 system (10, 11), also induced the highest incidence of transformation in C3H-myc cells.
Because ras genes have been found to be activated by exposure to radiation in vivo (17, 18) with carcinogens in vivo and in vitro (19) (20) (21) (22) , we investigated the possible ras involvement in the transformation events described here. DNA from radiation-transformed clones of C3H-myc and C3H/1OT½ cells was transfected on NIH 3T3 cells. None of the DNAs we analyzed (four from radiation- 104) were plated in 60-mm Petri dishes in 2 ml of Eagle's minimal essential medium with 10% FCS and 0.3% agarose over a 5-ml 0.6% agarose layer in the same medium. Colonies were scored after 14 days. Colony size for radiation-transformed clones was 60-90 ,tm, whereas for myc-ras-2 cells colonies up to 500 ,um were observed. BALB/c nu/nu mice [4] [5] [6] transformed C3H-myc clones, and four from radiationtransformed C3H/1OTY2) was able to induce foci on mouse NIH 3T3 cells under conditions where cellular DNA known to contain activated K-ras caused readily detectable foci (data not shown). Thus, activation of ras genes appears not to be a frequent event in these radiation transformants. Dandekar et al. (23) also reported that radiation transformation of a mouse alveolar cell line did not result in detection of an activated ras gene in mammary tumors derived from the transformants. Further analysis of greater numbers of radiation-transformed C3H/1OTV2 clones, including assay for growth in nude mice (24) , will be required to determine definitively the possible involvement of ras mutations in this system. 28 The tumor promoter PMA (phorbol 12-myristate 13-acetate) has been reported to increase the frequency of transformation in C3H/10T½ cells exposed to ionizing radiation (25) . This phenomenon may be related to the data reported here, since PMA is known to induce myc expression (26) . We have found that PMA does not alter the morphology of C3H-myc cells in monolayer culture or their growth in agarose suspension culture (unpublished data). This is consistent with the interpretation that vector-driven myc expression has a physiological effect similar to that produced by PMA in promoting a transformed phenotype, assuming that transformation has first been initiated by radiation. It is interesting in this context that a protease inhibitor, which reduces the frequency of radiation-induced transformation in C3H/1OTY2 cells, has been reported to reduce levels of endogenous c-myc transcripts (27, 28) .
In vitro transformation studies with cloned oncogenes and experiments with oncogenic viruses support a model in which neoplastic transformation requires more than a single genetic event. Expression of myc, adenovirus EMA, or polyoma large tumor antigen genes confers on cultured rodent embryo cells the capacity to become neoplastic through cooperation with other cellular or viral oncogenes (29, 34) . Several lines of evidence link enhancement of growth factor responsiveness to myc, ElA, and polyoma large tumor antigen gene activity (5) (6) (7) (30) (31) (32) , and this phenotype may be the basis of cooperative transformation (5, 29, 33, 34) . Platelet-dependent growth factor and epidermal growth factor (8, 9) , as well as thyroid hormones (35, 36) , have been demonstrated to increase the yield of transformed foci in C3H/10T½ cells on exposure to radiation or chemical carcinogens. The evidence for growth factor modulation of the transforming effect of radiation on C3H/10T½2 cells and the ability of myc to enhance cellular response to growth factors suggest that the latter effect may drive the high transformation sensitivity of C3H-myc cells.
